An RMT-150B electrohydraulic servo testing system was used to perform uniaxial compression and uniaxial grading relaxation (creep) tests. The deformation, strength, and failure characteristics of the progressive failure process of coal samples under three loading modes were analyzed. The analysis results show that the prepeak stress-strain curve of the coal samples and the load relationships are not clear and that the whole compression process of coal still showed compression, elastic, yielding, and failure stages. The local stress drop characteristics during our relaxation creep grading tests showed no clear peak value and showed a yield curve with the shape of a conventional single plateau. The values of the mechanical parameters of axial compression were significantly higher than those obtained in the grade relaxation (creep) tests, which showed the mechanical parameters of coal samples with aging characteristics. In the relaxation (creep) tests, when the stress ratio was less than 70%, the relaxation (creep) characteristics of the sample were not clear. When the ratio of stress relaxation (creep) was more than 70% in the relaxation (creep) tests during displacement (stress) with a constant relaxation (creep) over the duration of the test, the evolution, development, and convergence of microcracks in the coal samples were observed. Relaxation (creep) stress was higher, failure duration was shorter, and the duration of failure was longer. For fully mechanized coal faces, increasing the support resistance and timely moving the support after coal cutting may prevent rib spalling accidents by reducing coal stress and exposure time in the front of the working face. Additionally, routine uniaxial compressive failures showed a simple form, having a clear tension-shear dual rupture surface. The staged relaxation creep failure testing of coal is more complex. The entire coal samples were divided into many thin-sheet debris via gradual collapse and shedding, and the number of cracks increased significantly, showing evident lateral expansion characteristics that are similar to the rib spalling characteristics in high coal mining working faces.
Introduction
When a coal body develops primary joints and fissures, it loses strength and its brittle failure characteristics worsen. When coal stress (strain) exceeds a certain critical value, microcracks continue to expand, which causes progressive failure of the coal body over time when the stress (strain) level is lower than the peak strength of the coal body (strain). A fully mechanized working face primarily exhibits a clear time-delayed progressive wall caving, indicating that coal wall spalling of the working face does not occur immediately after coal cutting; rather, it will happen after a period of time (lag) after the coal is cut. The lag time of coal wall spalling is affected by many factors, including buried depth, mining height, coal body structure, and mining technology. Coal wall spalling is prone to cause roof flaking. Serious coal wall spalling not only affects the normal production of a fully mechanized working face and damages the equipment on the working face but also threatens the safety of personnel, causing unsafe working conditions for coal mine production. Coal wall spalling is always the main factor affecting the safe operation of a fully mechanized mining face and the realization of high yield and efficiency. The characteristics of progressive failure over time of a coal body must be considered as one of its most important mechanical characteristics. Studies on the characteristics of time-delayed progressive failure for coal rock bodies primarily consist of rheological (i.e., relaxation and creep) experiments carried out in laboratories.
Research Results of Rock Relaxation Experiments.
Yang et al. conducted a uniaxial compression time-delayed failure experiment on marble and found that circumferential strain upon the occurrence of marble time-delayed failure is clearly larger than axial strain [1] . Feng et al. conducted a stress-relaxation experiment on several metamorphic rocks after applying a peak load and classified the results for these rocks as source rock burst or exciting rock burst [2] . Tang and Pan conducted a relaxation experiment on rocks under peak load deformation conditions and suggested that the stress relaxation curves of rocks under such conditions exhibit characteristics of step-like declination [3] . Li conducted an experimental study on the relaxation four types of rocks under uniaxial compression conditions, and the results indicate that the relaxation curves of these rocks were either continuous or stepwise [4] . Yang et al. conducted uniaxial and triaxial variable-stress-path relaxation and creep experiments on salt rocks and concluded that the steady creep rate of salt rocks is only a function of stress and does not depend on the load history [5] . Tian et al. conducted a series of triaxial relaxation tests on argillaceous sandstone under confining pressures and found that the relaxation stress during the fast relaxation stage increases with the initial deviatoric stress of the relaxation steps and is almost independent of the confining pressure [6] . Paraskevopoulou et al. measured similar stress-time responses at different load levels, indicating the existence of three distinct stages of stress relaxation. In the first stage, 55% to 95% of the total stress relaxation takes place [7] .
Research Results of Rock Creep Experiments. Xu et al. and
Liu et al. conducted experimental studies on the time-delayed characteristics of deep-buried marble in Jinping [8, 9] . Yu et al. performed conventional triaxial and comparative triaxial creep experiments on saturated silty mudstone and found that the characteristics of rock creep are different from those of rock relaxation and that stress relaxation characteristics cannot be simply derived from the creep characteristics of the rock [10] . Han et al. conducted a creep experiment on thin-layered rock with different loading directions [11] . Li conducted a triaxial compression creep experiment on a silty mudstone and found that the radial creep of rock entered a stage of accelerated creeping prior to axial creep, suggesting that it is more reasonable to determine whether creep destruction occurs to silty mudstone using the characteristics of radial creep [12] . Liu et al. conducted an experiment on the static fatigue effects with long-term loading on deep-buried marble in Jinping and proposed using the expansion index to elaborate on the deformation characteristics and failure modes of the rock samples used [13] . Wang et al. developed a new constitutive model in terms of the time fractal derivative to describe the full creep regions of granite. The proposed fractal model can characterize the creep behavior of granite especially during the accelerating stage, in which the classical models cannot predict [14] . Hamza and Stace explored the relationship between instantaneous (shortterm) stiffness and creep properties and determined that confinement plays an important role in closing up rock joints and stiffening up fractured rock specimens [15] . Singh et al. discussed an approach to predict the creep behavior of rock salt using a uniaxial compression testing machine. Their proposed model can predict the stress-strain response of rock salt with a fair accuracy under both loading and unloading conditions [16] . Wang et al. conducted a self-developed triaxial creep experiment system for gas-bearing coal rock samples and suggested that the creep characteristics and the creep stress of gas-bearing coal samples are affected by confining pressure and gas pressure factors [17] . Zhang et al. employed constant axial pressure to conduct a stepwise unloading confining pressure experiment with different unloading velocities on tectonic coal and analyzed the energy variation law of coal samples during the unloading process [18] . A nonlinear elastoviscoplastic rheological model containing various deformation components is proposed, the proportion of the viscoplastic strain component in the creep strain is increased with higher deviatoric stress, and it can describe both the loading and unloading creep behavior precisely [19, 20] .
The aforementioned researchers conducted creep and relaxation experiments on rock. Because of certain factors, namely, primitive joint fracture development, low strength, discreteness, and difficulties in the preparation of coal samples, our understanding of the characteristic rules of the time-delayed progressive failure of coal samples under the action of uniaxial compression staged relaxation (creep) remains insufficient. The joint effect of the coal body and the support in front of the working face means that the overlying portion of the rock layer is stable for a short time. There is a certain deformation (load) effect on the working face of coal walls, and coal bodies exhibit a time-delayed progressive wall caving phenomenon. It is necessary to study the characteristics of the time-delayed progressive failure of coal samples in a laboratory environment under different strain (stress) conditions. Based on this and using the RMT-150B electrohydraulic servo rock test system, we conducted uniaxial compression and uniaxial staged relaxation (creep) experiments on coal samples from the upper (middle) stratified layer of a coalbed in the Zhaogu no. 2 mine. We analyzed the characteristics of the time-delayed progressive deformation and destruction of these coal samples under three types of loads and acquired a deeper understanding of the mechanisms of the time-delayed progressive slab destruction of coal walls on the working face. The research results provide a reference for the prevention and treatment of time-delayed coal wall spalling on the working face of the Zhaogu no. 2 mine.
Characteristics of Samples and
Experimental Methods 3 were drilled and collected from dense holes along the vertical bedding. After water cooling, the collected samples were turned into standard test pieces with a diameter of 50 mm and a length of 100 mm. This accuracy satisfies the regulation requirements [15] . To minimize dispersion in the experimental results, we selected coal samples from the same layer that were relatively complete, without clear visual defects and with a roughly equal natural density and longitudinal wave velocity for our comparative experiments. The coal samples from the upper stratified layer were numbered as MS1-MS6, and the coal samples from the middle stratified layer were numbered as MZ1-MZ6.
Experimental Equipment.
The experiments were conducted on an RMT-150B electrohydraulic servo rock test system. We adopted a 100 kN force sensor to measure the axial load; its accuracy was 1 0 × 10 −3 kN. We used a 5.0 mm displacement sensor to measure the axial compression deformation and two 2.5 mm displacement sensors to measure the circumferential deformation, all with an accuracy of 1 0 × 10 −3 mm. The system used has a good dynamic response function. It automatically collected the load and deformation information during the experimental process, which was displayed in real time to obtain the whole-process stress-strain curve of the uniaxial compression staged creep (relaxation) of the coal samples.
Experimental Method.
The uniaxial compression experiments can be divided according to the loading type applied, which were conventional uniaxial compression, uniaxial compression staged relaxation, and uniaxial compression staged creep, as shown in Figure 1 .
(1) Conventional uniaxial compression. After the coal sample was positioned, the axial and circumferential displacement sensors were adjusted and preloaded to their respective positions, and the displacement control was set to continuously apply a load at a loading velocity of 0.002 mm/s until the coal sample was completely destroyed (2) Uniaxial compression staged relaxation. Based on the results of the conventional uniaxial compression experiments, the displacement control was set so as to observe the real-time load and deformation values at a loading velocity of 0.002 mm/s. When the load reached approximately 50% of its peak value, the axial deformation was maintained constant for the relaxation experiment, and the duration of the relaxation on each level was approximately 10 min. Then, the axial load was increased by 3 to 5 kN to conduct the relaxation experiment for the next level and repeated this process until the coal sample was destroyed Tables 1 and 2 show the results of the conventional uniaxial and staged relaxation (creep) experiments for the coal samples, respectively. In Table 1 , D, H, ρ, V, σ c , E T , E 50 , and μ are the diameter, height, natural density, longitudinal wave velocity, uniaxial peak strength (relaxation, creep), modulus of elasticity, deformation modulus, and Poisson's ratio of the coal sample, respectively. Table 1 shows that the mechanical parameters of the coal samples obtained for the three loading types have some discreteness. To intuitively reflect this feature, Figure 2 shows the basic parameters of the coal samples from the middle and upper stratified layers and the coefficients of variation for the experimental results. By analyzing Figure 2 , we can see that the coefficients of variation for the basic parameters (D, H, ρ, and V) of the coal samples from the middle and upper stratified layers were very small and generally did not exceed 5%; however, the coefficients of variation for the mechanical parameters (σ c , E, E 50 , and μ) were relatively large, above 18%.
The discreteness of the uniaxial compression peak strength is especially significant, and the coefficients of variation for the coal samples from the middle and upper stratified layers were 31.9% and 30.4%, respectively. The coefficients of variation for the elastic modulus, deformation modulus, and Poisson's ratio exceed 18.0%, which indicates the heterogeneous characteristics of the coal samples.
From Table 1 , because of the crossing joint fractures distributed inside the coal sample and because the different directions and sizes of the joint cracks have varying degrees of influence on the deformation and strength of the coal 3 Geofluids samples, the results of the uniaxial compression experiment were relatively discrete. Nonetheless, the average values of three samples can be used to characterize the mechanical characteristics of different loading modes. The peak strengths of the uniaxial compression tests for the six coal samples of the upper stratified layer ranged from 12.10 to 33.39 MPa, with an average peak strength of 25.13 MPa; these samples are hard coal. The peak strengths were relatively low for coal samples MZ2 and MZ5, which showed a relatively poor integrity and yielded values of 19.58 and 12.10 MPa, respectively. On the other hand, the peak strengths were relatively high for coal samples MZ1 and MZ3, which showed a relatively good integrity and yielded values of 33.39 and 31.97 MPa, respectively. The highest and lowest peak strengths showed two-to three-fold differences. The peak strengths of the conventional uniaxial compression tests ranged from 19.58 to 33.39 MPa, with an average of 28.31 MPa; the elastic modulus ranged from 3.95 to 4.44 GPa, with an average of 4.13 MPa; the deformation modulus ranged from 2.71 to 3.62 GPa, with an average of 3.09 MPa; and Poisson's ratios ranged from 0.26 to 0.36, with an average of 0.31. The peak strengths of the uniaxial staged relaxation tests ranged from 12.10 to 27.31 MPa, with an average of 21.97 MPa; the elastic modulus ranged from 2.40 to 3.81 GPa, with an average of 3.45 MPa; the deformation modulus ranged from 1.53 to 3.40 GPa, with an average of 2.66 MPa; and Poisson's ratios ranged from 0.21 to 0.30, with an average of 0.28. In comparison with the conventional uniaxial experiment, the peak strength, elastic modulus, deformation modulus, and Poisson's ratio obtained in the staged relaxation experiment declined by 22.45%, 16.5%, 13.82%, and 8.60%, respectively.
In comparison with the coal sample from the upper stratified layer, the peak strengths of the coal samples from the stratified layer in the middle were relatively low, as expected. The peak strengths of the uniaxial compression test for the According to the analysis presented above, we can see that the mechanical parameters of coal samples not only depend on factors such as the size and distribution direction of joint cracks inside them but also they are related to the loading type and mode. The mechanical parameters obtained in the uniaxial compression experiment are clearly higher than the values of the staged relaxation (creep) loading experiment, indicating that the mechanical parameters of the coal samples show the characteristics of time-delayed progressive failure. Figure 3 shows the whole-process stress-strain curve of the uniaxial compression and staged relaxation (creep) experiments for three coal samples. We can see from Figure 3 that, under the three loading types, there is no clear difference in the stress-strain curves before the peak strength was applied, and the deformation failure after the peak is related to the loading type. The coal sample goes through the stages of compaction, elasticity, yield, and failure during the entire compression process. There is staged destruction for a portion of the coal samples from the middle (upper) stratified layer after the peak uniaxial compression is reached, and the stress curve exhibits a stepwise decline, as shown by coal samples MZ1 and MZ3 in Figure 3 (a) and MS1 and MS2 in Figure 3 (c). After the peak, there are two to three periods of rapid stress decline. After the first stress decline, the bearing force continues to increase as the axial compression deformation increases, and then, the stress decreases again, showing the brittleness characteristics of the coal samples. Figure 3(b) shows the whole-process stress-strain curve of the uniaxial staged relaxation loading experiment for the coal samples from the stratified layer in the middle. During the relaxation period, characteristics of region-wise stress decline were observed, and the value of these stress declines is related to the relaxation stress level. The higher the relaxation stress level is, the more pronounced the stress decrease becomes. Figure 3(d) shows that, in the uniaxial staged creep experiment on the coal samples, coal samples MS4, MS5, and MS6 were sequentially loaded on levels 2, 3, and 4. The creep loading stress level was relatively low for the first three levels for coal sample MS6. When the loading stress of coal sample MS6 was lower than its yield strength, the internal damage of the coal sample was very small during the creep period, and the axial strain of the coal sample was not clear, which demonstrates characteristics that are essentially the same as those of conventional uniaxial compression deformation. That is, 5 Geofluids the stress-strain curve was smooth without fluctuations. During the constant loading process on level 4, the loading stress level exceeded the yield strength of the coal sample. During the creep period, as the creep time increased, the axial deformation of the coal sample continued to increase, and the stress slightly fluctuated. When the axial deformation reaches the peak strain, the coal samples eventually fail. There was no clear peak point for coal samples MS5, MS6, and MS4, which all showed a yield plateau in their curves and whose stress values rapidly declined after the peak.
Results of the Uniaxial Compression Experiment.
Before we conducted the uniaxial staged relaxation (creep) experiment, we first conducted the conventional uniaxial compression experiment, which was convenient for reasonably determining the relaxation (creep) stress levels and grade of the samples. The uniaxial staged relaxation (creep) loading experiment can proceed smoothly and is also convenient for comparing mechanical parameters under the three loading types considered, thus obtaining the rules behind the characteristics of time-delayed progressive failure for additional coal samples. Figure 4 shows the whole-process stress (strain, energy) time curves for the uniaxial compression of coal sample MS2 (because of space limitations, the results for the other coal samples are not shown in this paper).
It should be noted that the deformation and failure energy of coal samples during loading can be divided into stress-strain curves and strain axes:
According to the definition of the definite integral shown in equation (1), the sum of the areas of small trapezoidal strips can be carried out using the stress-strain curve:
In equation (2), n is the calculated sample number of the axial stress-strain curve at any time during the test, i is the sampling point, and σ and ε are the stress and the strain at the sampling point, respectively.
As shown in Figure 4 , during conventional uniaxial compression and under the condition of setting the displacement control to apply a continuous load, the axial strain of coal samples exhibited a linear relationship with time. The accumulated energy during the loading process continued to increase, as shown in Figure 4(b) . During the loading process, owing to the influence of primitive joint fractures inside the coal samples, the primitive joint cracks that occurred during the initial stage of the loading process gradually closed, and the stress-strain curve became concave and gradually steeper. The enhancement of the axial deformation was relatively fast, the increase of the circumferential deformation was slow, and the volumetric strain gradually increased. During this stage (OA), the accumulated energy of the coal samples was relatively low, and part of the accumulated energy was consumed by the closure of cracks. As the axial stress increased into the elastic stage, the axial stress and the axial and circumferential strains exhibit a roughly linear relationship, showing the elastic characteristics of the coal samples. The coal samples stored a significant amount of elastic energy during this stage (AB). When the axial load reached 70% of the peak load, the coal sample entered the yield stage (BC). As the axial load increased, the materials with a relatively low strength inside the coal sample were the first to yield and fail, and then, the primitive fissures slipped. New microcracks continuously appeared, evolved, developed, and converged, making the stress-strain curve deviate from a straight line and gradually decelerate. The velocity of the axial strain remained unchanged. At this stage, high-strength materials will bear an even higher stress and gradually yield, get damaged, and fail. The circumferential strain accelerated as the stress increased, reaching approximately 90% of the peak strength. 
Geofluids
There was a surge in the circumferential strain, indicating that the volumetric strain of the coal samples changed from increasing to decreasing. To put it differently, the volume of the coal samples began to increase. This phenomenon of volume expansion is a warning sign of coal sample failure. The coal sample is locally destroyed, while the main body structure can still bear a load. Once the stress reaches its peak strength, the macroscopic fractures cause the destruction of the load-bearing skeleton. The carrying capacity of the macroscopic crack slips decline, and the accumulated energy of the coal samples prior to the peak is released after the peak, forcing the coal samples to gradually lose their stability and fail. Figure 4 shows that there was a rapid staged stress decline after the peak in coal sample MS2. Upon reaching the peak strength, the first rapid stress decline (C → D) occurred instantaneously, and longitudinal cracks appeared locally inside the coal sample. The circumferential strain slightly increased, but the volume of the coal sample did not exceed the original volume. As the axial compression strain increased, the carrying capacity increased with small amplitude changes until point E, at which the second fast stress decline (E → F) occurred. The longitudinal cracks penetrated to form macroscopic cracks. The circumferential strain rapidly increased and the volumetric strain rapidly expanded, causing a volume expansion. Then, as the axial deformation continued to increase and the carrying capacity increased with small fluctuations until point G, the third rapid stress decline (G → H) occurred. At this stage, the circumferential strain of the coal samples multiplied, and their volume rapidly expanded and longitudinally transversed the fractures. As the coal body is compressed to break, the coal sample loses its stability and fails. This indicates that upon uniaxial compression of the coal samples, internal damage to the coal samples is gradually generated; they exhibited a tensional staged fracture, lost their stability, and failed after the peak, showing the brittleness characteristic of the coal samples. Table 2 shows the results of the uniaxial compression staged relaxation experiment for three coal samples from the stratified layers in the middle. In this table, σ s is the relaxation stress, σ s /σ c is the relaxation stress ratio (namely, the ratio between relaxation stress and peak strength), t is the duration of relaxation, Δσ is the magnitude of the stress decline during the relaxation period, and ε 1 and Δε 3 are the amplitudes of the increases in the axial and circumferential strains during the staged relaxation period, respectively. The strength of coal samples MZ4 and MZ6 was relatively high; there were five to six relaxations before the peak and one relaxation after the peak. The strength of coal sample MZ5 was clearly low, and there were two relaxations before the peak and one relaxation after the peak. Figure 5 shows the whole-process stress (strain, energy) versus time curve of the uniaxial compression staged relaxation experiment for coal sample MZ4 (because of space limitations, the results for coal samples MZ5 and MZ6 are not shown). 
Results of the Uniaxial Staged Relaxation Experiment.

Geofluids
Our analysis indicates that the characteristics of the whole-process stress-strain curve shown in Figure 5 for the uniaxial compression staged relaxation of coal sample MZ4 are roughly the same as those of the conventional uniaxial compression; there is no clear difference. The variations in the stress (strain and energy) versus time curve during the staged relaxation loading process exhibit a clear difference, and the strain and energy versus time curve exhibits a stepwise increase before the loading stress reaches its peak strength. That is, the axial strain remained unchanged during the relaxation period, whereas the circumferential strain and axial stress exhibited different features over time. The test machine did not operate on the samples during the relaxation period.
During the initial loading stage, the primitive fissures of the coal samples were closed. The axial strain was relatively large, and the circumferential (volume) strain was relatively small. When level 1 was loaded with 13.07 MPa (with a stress ratio of 49%) for a 603 s period, the magnitude of the stress decline was 0.18 MPa and the circumferential strain remained unchanged; when level 2 was loaded with 15.57 MPa (with a stress ratio of 59%) for a 692 s period, the magnitude of the stress decline was 0.12 MPa and the circumferential strain remained unchanged; when level 3 was loaded with 18.11 MPa (with a stress ratio of 68%) for a 573 s period, the magnitude of the stress decline was 0.11 MPa and the circumferential strain slightly increased. Therefore, the relaxation stress ratio was lower than 68. When the sample was loaded with 18.11 MPa (with a stress ratio of %), the magnitude of the stress decline did not exceed 0.20 MPa and the magnitude of the axial strain increased by 29.3%. The circumferential strain remained essentially unchanged, which indicates that it had reached the elastic stable state inside the coal sample and that no damage was done inside the coal sample during the first three relaxation periods.
When level 4 was loaded with 20.64 MPa (with a stress ratio of 78%) for a 642 s period, the stress declined relatively fast in the first 33 s and then remained unchanged. The magnitude of the stress decline was 1.30 MPa, and the magnitude of the circumferential strain increase was 4 28 × 10 −3 , which indicates that the relaxation stress ratio was higher than 78%. Although the axial deformation no longer increased, the test machine did not operate on the coal samples during relaxation, and the microcracks inside the coal sample gradually germinated, evolved, and developed by relying on the energy accumulated by the coal sample during the preceding period. When level 5 was loaded with 23.44 MPa (with a stress ratio of 89.0%) for a 555 s period, the stress declined relatively fast during the first 200 s and then remained unchanged. The total magnitude of the decline was 1.10 MPa, and the total magnitude of the circumferential strain increase was 2 37 × 10 −3 . When level 6 was loaded with 20.64 MPa (with a stress ratio of 100%) for the relaxation test, a mutation phenomenon occurred in the stress-strain curve of the coal sample. For the sake of convenience, we zoomed in to show the stress (strain, energy) versus time curve during the relaxation period on levels 6 and 7, as shown in Figure 6 . We can see from Figure 6 that during the 589 s period for the relaxation of level 6, the stress showed the occurrence of a phenomenon consisting of multiple declines, and the magnitude of the stress decline reached 4.98 MPa. The circumferential strain rapidly increased, and the amplitude of the increase reached 18 67 × 10 −3 . It can be seen that when the relaxation stress was higher than the peak strength of the coal sample, even though the test machine did not supply energy during the relaxation period, the elastic energy accumulated by the high-strength materials inside the coal sample could be continuously released, forcing the low-strength materials inside the coal sample to continuously yield and fail. The microcracks inside the coal sample constantly evolved, developed, and converged as the relaxation period went on, eventually forming macroscopic cracks that reduced the carrying capacity of the coal sample. When the stress decreased to a peak value of 21.0 MPa (with a stress ratio of 79%), we conducted relaxation on level 7 after the peak. During a 128 s period, the stress of the main bearing skeleton inside the coal sample constantly adjusted and exhibited a steady decline with fluctuations; the magnitude of the stress decline was 5.47 MPa. The axial strain rapidly increased, and then, the circumferential and volumetric strains rapidly increased. The coal sample continuously shed fragments, eventually lost its stability, and failed; the carrying capacity rapidly declined to zero. Figure 6 : Stress (strain, energy) versus time curves for the sixth and seventh state relaxation tests. 8 Geofluids
The analysis presented above indicates that the deformation and strength of coal samples during uniaxial staged relaxation experiments are closely related to the relaxation stress ratio (time). The relaxation stress ratio on level 4 of coal sample MZ4 was 78%, the relaxation stress ratio on level 1 of coal sample MZ5 was 84%, and the relaxation stress ratio on level 5 of coal sample MZ6 was 76%. Thus, the time characteristics of relaxation become apparent. To put it differently, the stress decline of the coal sample is evident when the circumferential and volumetric strains begin to increase. Table 3 shows the results of the uniaxial staged creep experiment for the coal samples from the upper stratified layer. In this table, σ r is the creep stress, σ r /σ c is the creep stress ratio (i.e., the ratio between creep and peak strengths), t is the creep time, Σt is the cumulative time of the experiment, and Δε 1 and Δε 3 are the increments of the axial and circumferential strains during the staged creep period, respectively. We can see from Tables 1 and 3 that the compression strength of coal sample MS5 was clearly low. After the creep on level 2, coal sample MS4 was again destroyed during the loading process, and the peak strength was 7.97 MPa. The compression strength of coal sample MS6 was relatively high. Coal sample MS6 lost its stability and failed during the creep process on level 4, and the peak strength was 15.50 MPa. The compression strength of coal sample MS5 was between these two, and its peak strength was 8.42 MPa. Coal sample MS5 lost its stability and failed during the creep process on level 3. Figure 7 shows the whole-process stress (strain, energy) versus time curves of the uniaxial staged creep experiment for coal sample MS6, which was taken from the upper stratified layer (because of space limitations, the results for coal samples MS4 and MS5 are not shown). Compared with the relaxation experiment shown in Figure 5 , the uniaxial staged creep experiment was different. Upon uniaxial staged creep, the axial stress of the coal sample exhibited a roughly stepwise increase with time. During the staged creep period, the axial stress remained constant. The axial strain (energy) continued to increase, and the test machine constantly supplied energy to the coal samples. From the results of the uniaxial staged creep experiments on the coal samples, it can be seen that the characteristics of the axial strain (energy) variations over time are clearly different from those of the uniaxial compression.
Results of the Uniaxial Staged Creep Experiment.
When the sample was loaded with 7.90 MPa (with a stress ratio of 51%) on level 1 while maintaining stress constant, the axial (circumferential) strain did not change considerably for a 583 s period, and the magnitude of the enhancement was 0 1 × 10 3 . When level 2 was loaded with 10.46 MPa (with a stress ratio of 67%) and while maintaining stress constant for a 598 s period, the axial and circumferential strains were roughly equal, and the magnitudes of the enhancements were 0 08 × 10 3 and 0 09 × 10 3 , respectively. When level 3 was loaded with 13.00 MPa (with a stress ratio of 84%) while maintaining axial stress constant for a 630 s period, the increase of the axial strain was slow whereas the increase of the circumferential strain was fast, with the magnitudes of the enhancements being 0 09 × 10 3 and 0 22 × 10 3 , respectively. The volumetric strain began to decrease, which means that the interior of the coal sample was constantly damaged that and microcracks gradually germinated, evolved, developed, and converged. When level 4 was loaded with 15.50 MPa (with a stress ratio of 100%), the coal sample gradually lost its stability and failed. For ease of description, the stress (strain, energy) versus time curve during the creep period on level 4 was expanded and is shown in Figure 8 .
By analyzing Figure 8 , we can see that when the staged creep stress approached its peak strength, even though the axial stress of the coal sample remained essentially constant, the increase of the axial strain was slow. However, the circumferential strain rapidly increased, and its value was much larger than that of the axial strain. The volume rapidly expanded, and the coal sample was suddenly destroyed after 205 s. It is clear from Figure 8 (a) that the strain-time curve is similar to the uniaxial compression creep experiment curve for normal rock, and thus, we can divide this creep curve into three stages, namely, instantaneous creep (I), steady creep (II), and accelerated creep (III). However, there are still essential differences between the uniaxial staged creep and conventional uniaxial creep experiments. The primary differences are as follows: (1) the stress in the conventional creep experiments was higher than the long-time strength and lower than the instantaneous peak strength, whereas in the uniaxial staged loading experiments, the loading stress level on the last level was close to the uniaxial compression instantaneous peak strength of the coal samples; (2) the duration of the conventional creep experiments was relatively long, while the duration of the staged creep experiments was relatively short; and (3) when the samples were close to failure, the form of the time versus strain curves during the acceleration stage was also different, and the deformation velocity at the acceleration stage was relatively slow in the conventional creep experiments and relatively fast for the staged creep experiments. This is because the destruction of rocks during conventional creep experiments is caused by the slow slipping dislocation of crystals, while the destruction of the coal samples during uniaxial staged creep experiments is primarily caused by the rapid opening and breaking of vertical cracks.
In summary, during the relaxation (creep) experiments, when the relaxation (creep) stress ratio was lower than 9 Geofluids 70%, the characteristics of the relaxation (creep) effects are not clear; when the relaxation (creep) stress ratio was higher than 70%, even though the axial strain (stress) remained constant during relaxation, the energy accumulated by the materials with a relatively high strength inside the coal samples could cause the materials with a relatively low strength to get gradually damaged and fail as time went on and cause new microcracks to constantly evolve, develop, and converge.
High-strength materials can bear a higher stress and gradually tend to fail, and the carrying capacity of coal samples will constantly decline as relaxation time passes. During the creep period, the axial and circumferential deformations of coal samples gradually increase, and their volume constantly expands. Even when the stress is lower than the peak strength, maintaining a constant strain (stress) over a long period of time can also make the coal body yield and fail. The higher the relaxation (creep) stress level is, the shorter the duration of damage becomes. Conversely, the duration of damage becomes longer when the stress level is lower. Therefore, for a fully mechanized mining face, by increasing the resistance of the support, timely moving the support after coal cutting, reducing the stress of the coal body in front of the working face, and shortening the exposure time of the coal wall, we can effectively prevent the occurrence of coal wall spalling accidents.
3.5. Failure Characteristics. The conventional uniaxial and uniaxial staged relaxation (creep) failure of coal samples from the middle and upper stratified layer is shown in Figure 9 ; we also provide sketches of the cracks.
It can be seen from Figure 9 that the coal failures in the conventional uniaxial experiments were relatively simple and had an evident tension-shear dual fracture surface. The number of cracks was relatively small and the fracture plane was roughly parallel to the loading direction, such as fractured surface A of coal sample MZ2. The majority of the coal samples exhibited one or several dominant cracks, which expanded and initialized the cracking process. When the secondary cracks could not fully expand, the entire coal sample was broken into many blocks. While the coal samples showed tensional cracks, these were also accompanied by shear-type slip surfaces, such as the shear-type slip surfaces B and C of coal samples MZ1 and MZ3 from the stratified layer in the middle, as shown in Figure 9 (a). Figure 9 (c) shows the two tensile cracks, A and B, which first appeared in coal sample MS1 from the upper stratified layer. As the stress increased, a staged fracture appears in the middle of a thin sheet to form the transversal crack C, which is in agreement with the characteristics of the multiple stress decreases on the stress-strain curve after the peak shown in Figure 2 for coal sample MS1. Coal samples MS2 and MS4 showed two shear-type slip surfaces and eventually exhibited X-and V-type failure forms.
The lateral expansion of the coal samples was somewhat evident, such as in coal block D of coal sample MZ4 and coal block F of coal sample MZ5 from the stratified layer in the middle, as shown in Figure 9 (b). Figure 9 (d) shows that coal samples MS4 and MS6 had many longitudinal cracks parallel to the loading direction and that shear-type secondary cracks were generated at many locations.
Discussion
As the axial load increased, the materials with a relatively low strength inside the coal sample were the first to yield and fail, and then, the primitive fissures slipped. New microcracks continuously appeared, evolved, developed, and converged, making the stress-strain curve deviate from a straight line and gradually decelerate. The velocity of the axial strain remained unchanged. At this stage, high-strength materials will bear an even higher stress and gradually yield, get damaged, and fail. The shear cracks initiate followed by a large and abrupt compressive strain jump and then quickly propagate in an unstable manner resulting in the failure of specimens.
Because of the crossing joint fractures distributed inside the coal sample and because the different directions and sizes of the joint cracks have varying degrees of influence on the deformation and strength of the coal samples, the results of the uniaxial compression experiment were relatively discrete. Nonetheless, the average values of three samples can be used to characterize the mechanical characteristics of different loading modes.
Although the axial deformation no longer increased, the test machine did not operate on the coal samples during relaxation, and the microcracks inside the coal sample gradually germinated, evolved, and developed by relying on the energy accumulated by the coal sample during the preceding period. When the relaxation stress ratio was higher than 70, the time characteristics of relaxation become apparent. To put it differently, the stress decline of the coal sample is evident when the circumferential and volumetric strains begin to increase. Yang et al. conducted a uniaxial compression time-delayed failure experiment on marble and found that the circumferential strain upon the occurrence of marble time-delayed failure is clearly larger than the axial strain [1] . The analysis presented above indicates that the deformation and strength of the coal samples during uniaxial staged relaxation experiments are closely related to the relaxation stress ratio (time).
Compared with the conventional uniaxial experiments, in the staged relaxation (creep) experiments, the microfissures of the coal samples were fully developed and the failure 11 Geofluids forms were relatively complex because the duration of the loading process was relatively long. The cracks primarily expanded along the loading direction and then broke into many relatively thin sheets and sheet clastics. This is because in the staged relaxation (creep) experiments, under the action of stress below the peak strength, the microcracks inside the coal sample had sufficient time to slowly expand. Eventually, in addition to forming one or several dominant macrocracks, expansion will also form many secondary cracks, which split the entire coal sample into many thin-sheet clastics that gradually collapse and shed, and thus, the number of cracks increases. The staged relaxation (creep) experiments of the coal samples demonstrated failure characteristics that are extremely similar to the failure characteristics of coal wall spalling on the working faces of coal mines.
Conclusions
(1) The stress-strain curves before the peak value for coal samples under conventional uniaxial compression and graded relaxation (creep) loading are not different from each other, and both show stages of compaction, elasticity, yield, and failure. Local stress drops appear during stage relaxation, and there is no clear peak point in the graded creep tests, in which a yield plateau appears (2) The mechanical parameters obtained in the conventional uniaxial compression tests are clearly higher than those obtained in the uniaxial compression staged relaxation tests, which shows that the mechanical parameters of coal samples are time-sensitive (3) When the stress ratio was lower than 70, the stress relaxation (creep) was not evident. When the relaxation (creep) stress ratio was higher than 70, the displacement (stress) remained constant during relaxation (creep). As the relaxation (creep) time passed, the internal microcracks in the coal continued to evolve, develop, and converge. The higher the stress level of relaxation (creep) was, the shorter the damage duration was and the longer the damage duration was. In fully mechanized coal faces, coalwall-and cover-related accidents can be effectively prevented by raising the supporting resistance and moving the frame support in time after cutting coal, thus reducing the stress of the coal body in the face front and shortening the time of coal wall exposure (4) Conventional uniaxial compression failure is simple and clearly presents tension-shear double-fracture surfaces. The failure forms of the coal samples were more complicated during the stage relaxation (creep) tests. The entire coal samples were divided into many thin fragments via collapsing and shedding, and the number of cracks consequently increased, showing evident lateral expansion characteristics. These were very similar to the characteristics of the delayed failure of coal walls and cover in high mining faces
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